We use six tilted spatially-flat and untilted non-flat dark energy cosmological models in analyses of South Pole Telescope polarization (SPTpol) cosmic microwave background (CMB) data, alone and in combination with Planck 2015 CMB data and non-CMB data. All best-fit cosmological models have CMB anisotropy power spectra that do not provide good fits to the SPTpol data, differing at the 2 to 3σ level. In all models, there is no significant difference between the model that best fits the SPTpol data and the one that best fits the Planck CMB and non-CMB data. When the smaller angular scale SPTpol data are used jointly with either the Planck data alone or with the Planck CMB and the non-CMB data to constrain untilted non-flat models, spatially-closed models remain favored over their corresponding flat limits. When used in conjunction with Planck data, non-CMB data (baryon acoustic oscillation measurements in particular, from six experiments) have significantly more constraining power than the SPTpol data.
I. INTRODUCTION
A main goal of cosmology research is to use astronomical observations to measure the parameters of the cosmological model as accurately as possible. The currently widely accepted standard model is the spatiallyflat ΛCDM model, [1] , where the cosmological constant (Λ) dark energy and the cold dark matter (CDM) constitute 95% of the present energy content of the Universe with baryonic matter contributing the remaining 5% and the structure of the Universe has grown under gravitational instability from primordial infinitesimal quantum-mechanical energy density perturbations generated during the very early epoch of near slow-roll inflation. The main observations that lend significant support to this standard model include CMB anisotropy data [2, 3] , Type Ia supernovae redshift-magnitude data [4] , baryonic acoustic oscillations (BAO) data [5] , and Hubble parameter [H(z)] measurements [6, 7] .
Although the spatially-flat model with a cosmological constant as dark energy is widely accepted, the possibility still remains that space is not flat and that the dark energy is dynamical. Recent joint analyses of the Planck 2015 CMB and non-CMB observations in the untilted non-flat ΛCDM model show evidence for spatial non-flatness with 5.2σ significance [8] [9] [10] . Here the untilted non-flat model does not have the density perturbation power spectral index n s as a free parameter, unlike in the commonly used tilted spatially-flat model. Also, the Planck CMB and non-CMB observational data do not rule out the possibility of dark energy being dynamical, * Electronic address: park.chan.gyung@gmail.com,ratra@phys.ksu.edu [8, [11] [12] [13] . Recent research also demonstrates that nonflat dynamical dark energy models with constant dark energy equation of state (XCDM) or based on a minimally coupled scalar field (φCDM) [14] are still allowed by the current observations [8, 12, [15] [16] [17] .
While Planck CMB data have been widely used to constrain cosmological models, there also exist several CMB data sets from higher-resolution ground-based CMB observatories such as the Atacama Cosmology Telescope (ACT; [18] ) and the South Pole Telescope (SPT; [19] ). For example, the South Pole Telescope provides information on the CMB temperature and polarization spatial anisotropies at angular scales much smaller than the range probed by the Planck satellite (SPTpol; [20] ). It is essential to investigate whether the Planck CMB data and other high resolution observations are mutually consistent. There have been two comparisons of the cosmological constraints from the Planck data and the SPTpol data, both of which made use of the tilted flat ΛCDM model. The SPTpol collaboration, [20] , concluded that the Planck 2015 and SPTpol results are mildly inconsistent in this model, while the Planck collaboration, [3] , concluded that the Planck 2018 and SPTpol results are not inconsistent. However, no such consistency check has been made for other simple cosmological models, such as the flat dynamical dark energy (XCDM and φCDM) models and the non-flat ΛCDM, XCDM, and φCDM models, so it is not known if the above results are model independent.
ing a variety of cosmological models to compare different data sets has proved instructive, allowing somewhat model-independent conclusions to be drawn, [21] .
The main "model-independent" conclusions of our analyses are: (i) All best-fit cosmological models we study, defined using various different combinations of data, have CMB anisotropy power spectra that are not good fits to the SPTpol data, differing at the 2-3σ level.
(ii) There is, however, no significant difference between a cosmological model that best fits the full SPTpol data and the same kind of model that best fits the Planck CMB and the non-CMB data. (iii) When the full SPTpol data are used in joint analyses with either the Planck data alone or with the Planck CMB and the non-CMB data to constrain untilted non-flat models, closed models continue to be favored over their spatially-flat limits. (iv) When used together with Planck data, non-CMB data (BAO data in particular, from six experiments) have significantly more constraining power than do the SPTpol data.
This paper is organized as follows. Section II describes the observational data used in our analyses while Sec. III describes our method for constraining cosmological parameters of the six tilted flat and untilted non-flat ΛCDM, XCDM, and φCDM models using various combinations of data sets. The inflation model power spectra, that define the cosmological models we use, are discussed in Sec. IV. Results are presented in Sec. V and a summary is provided in Sec. VI.
II. DATA
In this work, recent CMB and non-CMB data are used to constrain the tilted flat and untilted non-flat ΛCDM, XCDM, and φCDM dark energy models.
We use the SPTpol and Planck 2015 CMB anisotropy data sets. The SPTpol data is composed of the CMB Emode polarization angular power spectrum (EE) and the temperature-E-mode cross-power spectrum (TE) over the spherical harmonic multipoles 50 < ≤ 8000, based on CMB temperature and polarization observations on 500 deg 2 of the sky [20] . Here we use three different SPTpol data sets, namely, TE+EE, TE, and EE band power measurements, and the corresponding covariance matrices, which are all publicly available at the South Pole Telescope website.
We also use the Planck 2015 CMB anisotropy data (TT+lowP) including the lensing data [2] , where TT denotes the CMB temperature angular power spectrum at low (2 ≤ ≤ 29) and high (30 ≤ ≤ 2508) and lowP represents the low-CMB TE, EE, and BB polarization power spectra at 2 ≤ ≤ 29.
To get tighter constraints on model parameters, we jointly use the Planck and SPTpol data, together with non-CMB data. The non-CMB data sets we use are the Pantheon supernova Type Ia measurements (SN) [4] , a compilation of BAO data, H(z) measurements, and growth rates (f σ 8 ) (see Refs. [8, 12] for detailed description of these data).
III. METHODS
We apply the Markov chain Monte Carlo (MCMC) method, implemented in a modified version of the CAMB/COSMOMC program (version of Nov. 2016) [22] , to explore the parameter space of the dark energy inflation models. The CAMB program computes the matter and CMB power spectra based on the evolution of density perturbations of matter and radiation components and the COSMOMC program estimates the parameter constraints that are favored by the given observational data sets using the MCMC method.
The tilted flat ΛCDM model is characterized by six cosmological parameters (
where Ω b and Ω c are the current values of baryonic and cold dark matter density parameters, h is the Hubble constant H 0 in units of 100 km s −1 Mpc −1 , θ MC is the apparent size of the sound horizon at recombination defined in the CAMB/COSMOMC program, τ is the reionization optical depth, and A s and n s are the amplitude and the spectral index of the primordial scalar-type energy density perturbation power spectrum. In the tilted flat XCDM parameterization, we add one more free parameter, the equation of state parameter (w = p X /ρ X , where p X and ρ X are the pressure and energy density of the dark energy X-fluid). The X-fluid dark energy goes to the cosmological constant dark energy in the limit of w = −1. In the tilted flat φCDM model where the scalar field potential energy density is given by V (φ) = V 0 φ −α [14] , we instead add the positive slope parameter α as a free parameter. The scalar field dark energy goes to the cosmological constant dark energy in the limit of α = 0. In the untilted non-flat ΛCDM, XCDM, and φCDM models, the spectral index n s is replaced with the present value of the spatial curvature parameter Ω k . Unlike in the ΛCDM and XCDM models, in the φCDM model we use the Hubble constant (H 0 ) as a free parameter instead of θ MC because the latter parameter is not suitable for use in some extreme situations where for larger values of α the scalar field dark energy density dominates in the early universe (see Ref. [12] for more details).
During the parameter exploration using the MCMC method, we set priors on parameters. We restrict the range of the Hubble constant to 0.2 ≤ h ≤ 1.0, the reionization optical depth to τ ≥ 0.005, the dark energy equation of state parameter in the XCDM parameterization to −3 ≤ w ≤ 0.2, and the slope of the inverse power-law scalar field potential energy density index to 0 ≤ α ≤ 10 with flat priors. We also apply flat priors to other cosmological parameters, with sufficiently wide ranges so that they do not affect parameter estimation: e.g., 0.005
In our analysis, we consider the contribution of pho-tons, massless and massive neutrinos by assuming the present CMB temperature T 0 = 2.7255 K, the effective number of neutrino species N eff = 3.04, and a single massive neutrino species with neutrino mass 0.06 eV. The SPTpol data is not so sensitive to the reionization optical depth (τ ) and the τ parameter is strongly correlated with A s . When we constrain the parameters of each model using the SPTpol data alone we use a Gaussian prior for τ , adapted from the τ value of the corresponding model constrained using the Planck 2015 CMB and the non-CMB data sets, and instead of A s and τ we use the combination 10 9 A s e −2τ as an alternative free parameter following the SPTpol team [20] . However, it should be emphasized that the resulting SPTpol parameter constraints strongly depend on the choice of the prior of τ .
We use the converged MCMC chains to present mean values, their confidence limits, and likelihood distributions of the model parameters. The convergence of the MCMC chains are checked with the Gelman and Rubin R statistic using the COSMOMC getdist routine.
IV. MODEL POWER SPECTRA
Quantum-mechanical fluctuations during inflation generate the primordial energy density spatial inhomogeneity power spectra we use in our analyses here.
An initial epoch of non-slow-roll (tilted) spatially-flat inflation is used to produce the primordial power spectrum in the spatially-flat models [23] ,
where k is wavenumber and the pivot wavenumber k 0 = 0.05 Mpc −1 . An initial epoch of slow-roll (untilted) nonflat inflation is used to produce the power spectrum in the non-flat models [24] [25] [26] [27] ,
where q = √ k 2 + K is the non-flat space wavenumber and
2 )Ω k is the spatial curvature. In the negative Ω k closed model, the eigenvalue of the spatial Laplacian is ∝ −(q 2 − K)/K ≡ −k 2 /K and the normal modes are labeled by qK −1/2 = 3, 4, 5, · · · . In the nonflat models this P (q) is normalized to A s at the k 0 pivot wavenumber. In the spatially-flat K = 0 limit this P (q) reduces to the untilted n s = 1 power spectrum.
On the other hand, the Planck non-flat model analyses [2, 3] do not make use of either of the above power spectra. They instead use
where besides using the non-flat space wavenumber q, the wavenumberk is also used to define (and tilt) the non-flat model P (q). Thek ns−1 tilt factor in P Planck (q) is based on the assumption that tilt in a non-flat model works somewhat like it does in a flat model. This does not seem likely given that spatial curvature introduces an additional length scale in the non-flat case (i.e., in addition to the Hubble length). It is not known if the primordial power spectrum of Eq. (3) is the consequence of quantum fluctuations during an epoch of inflation. However, this power spectrum is physically consistent if n s = 1 or if K = 0, when it reduces to the power spectrum of Eqs. (2) or (1), both of which are consequences of quantum fluctuations during inflation. Figures 1-3 show the likelihood distributions of model parameters of the tilted flat ΛCDM, XCDM, and φCDM models derived by using the SPTpol-TE, SPTpol-EE, and SPTpol-TE+EE data. As mentioned above, we use the combination 10 9 A s e −2τ as a free parameter. In addition to the other four or five free cosmological parameters that characterize these models, these plots also show constraints on three derived cosmological parameters, namely, H 0 , the current matter density parameter (Ω m ), and the current amplitude of mass fluctuation at 8 h −1 Mpc scale (σ 8 ). In each figure, the result from the joint analysis of Planck CMB data (TT+lowP+lensing) and non-CMB data sets is shown for comparison. We note that our results for the SPTpol-TE+EE data are very similar to those of Ref. [20] . Table I lists mean values and 68.3% confidence ranges of cosmological parameters of the tilted flat ΛCDM, XCDM, and φCDM models constrained using the SPTpol TE+EE, TE, and EE data sets. We note that a different Gaussian prior of reionization optical depth that best-fits the Planck CMB and non-CMB data has been applied for each dark energy model.
V. OBSERVATIONAL CONSTRAINTS
In the tilted flat XCDM and φCDM models, the dark energy parameters (w and α), H 0 , and Ω m are not tightly constrained by the SPTpol data alone. The SPTpol data (TE+EE and EE) prefer a larger value of H 0 in the ΛCDM model (as found in Ref. [20] ) and lower values of H 0 in both dynamical dark energy models, and particularly in the φCDM model the estimated SPTpol Hubble constant is significantly lower than the best-fit value obtained using the Planck CMB and non-CMB data. However, we note that in the XCDM model high values of Hubble constant near the upper bound of the prior are allowed and there are strong degeneracies between the Hubble constant and w, Ω m , and σ 8 : w and Ω m have negative correlation with H 0 while σ 8 has positive correlation. In the tilted flat φCDM model, the SPTpol data alone do not constrain α, allowing larger values of α exceeding the upper bound of the prior (α < 10). 
Likelihood distributions of the tilted flat ΛCDM model parameters constrained by using the SPTpol TE, EE, and TE+EE data. For comparison, results from the Planck 2015 data (TT+lowP+lensing) together with non-CMB data sets (BAO, SN, H(z), f σ8) are also shown. The red contours here are very similar to the equivalent grey contours in Fig. 12 of Ref. [20] .
parameterization case.
Figures 4-6 show the likelihood distributions of the tilted flat ΛCDM, XCDM, and φCDM model parameters constrained using different combinations of Planck 2015 CMB (TT+lowP+lensing), SPTpol, and non-CMB data. Here we do not apply a Gaussian prior on τ since the Planck CMB data provide a tight constraint on this parameter, but the combined parameter 10 9 A s e −2τ is still used for comparison with the previous figures. We see that the combination of Planck and SPTpol CMB data (TT+lowP+lensing+SPTpol-TE+EE) is unable to place tight constraints on the dark energy parameters (w and α), H 0 , Ω m , and σ 8 in the XCDM and φCDM dynamical dark energy models. From our previous analysis of the CMB and non-CMB data [8, 12] , we note that, in conjunction with Planck data, BAO data are the most powerful in constraining these parameters. Comparing the cases of TT+lowP+lensing+non-CMB and TT+lowP+lensing+non-CMB+SPTpol-TE+EE, we see that the non-CMB data are significantly better at helping constrain cosmological model parameters than are the SPTpol-TE+EE data, particularly in XCDM and φCDM models. A summary of cosmological parameter values estimated from the three different combination of data sets is given in Table II . From this table and the figures, we see that, in the case of the tilted flat dark energy models, the main effects of adding the SPTpol TE+EE data to the TT+lowP+lensing+non-CMB data are a very slight tightening of the constraints on Ω b h 2 and θ MC .
We now examine the consistency between the tilted flat ΛCDM, XCDM, and φCDM model constraints determined from the SPTpol data and those determined from the Planck CMB and the non-CMB data sets. Following Ref. [3] we quantify the consistency between the two sets of constraints by using the statistics of χ 2 's for the parameter differences,
where C p is the covariance matrix of cosmological parameters constrained by the SPTpol data alone and ∆p denotes the difference between the mean model parameters estimated from the SPTpol data and the best-fit ones estimated from the Planck 2015 CMB and non-CMB data. Following the Planck 2018 team's analysis [3] , the small errors of parameters determined from the Planck CMB and non-CMB data are neglected. From the χ 2 distribution with k degrees of freedom, we compute the probability to exceed (PTE),
where P (a, x) ≡ γ(a, x)/Γ(a) with the lower incomplete gamma function γ(a, x) =
x 0 e −t t a−1 dt and the ordinary gamma function Γ(a) = γ(a, ∞). The probability for exceeding the computed χ 2 p is estimated from the χ 2 distribution with a given number of degrees of freedom (k), which is 5 for the tilted flat ΛCDM model and 6 for the tilted flat XCDM and φCDM models. The results for the tilted flat ΛCDM, XCDM, and φCDM models are summarized in the last two columns of data set, χ 2 min denotes the minimum χ 2 value for the particular data and model, and
min from the expected value χ 2 min = N dof . The number of degrees of freedom N dof is given by the number of data band powers minus the number of cosmological parameters (five for the ΛCDM and six for the XCDM and φCDM models) and three nuisance parameters: N dof = N b − 8 for the ΛCDM model and N dof = N b − 9 for the XCDM and φCDM models (see Ref. [3] for a detailed description).
The χ 2 min for the best-fit Planck 2018 cosmology or the best-fit ΛCDM, XCDM, and φCDM models constrained by using the Planck 2015 CMB and non-CMB data is the minimum χ 2 value and has been obtained by varying the SPTpol data-related nuisance and foreground parameters while fixing the best-fit cosmological parameters of the corresponding model. On the other hand, the χ 2 min for the SPTpol data has been obtained by varying all the cosmological, nuisance, and foreground parameters. Powell's minimization method (implemented in the COSMOMC program) has been used to find the best-fit model and the minimum value of the χ 2 . χ and N σ for the fits of the best-fit Planck 2018 tilted flat ΛCDM model and the best-fit TT+lowP+lensing+non-CMB tilted flat models to the SPTpol data are shown in the third and fourth columns of fifth and sixth columns of this table.
Our results for the Planck 2018 best-fit flat ΛCDM model and the SPTpol best-fit flat ΛCDM model with the Gaussian prior on τ used in [20] are similar to those presented in the Planck 2018 analysis (Table 3 of Ref. [3] ). The values of χ 2 min and N σ for the Planck 2018 best-fit cosmology are higher than those for the best-fit ΛCDM model constrained with SPTpol data, which suggests that the SPTpol data disfavor the ΛCDM cosmology that best-fits the Planck 2018 data. The same holds for the best-fit tilted flat ΛCDM, XCDM, and φCDM models as shown in Table III . We note that in all cases of SPTpol TE+EE N σ is larger than 2.2 so the best-fit models do not provide good fits to the SPTpol TE+EE data. The XCDM model fits the SPTpol TE+EE, TE, and EE data sets better than does the ΛCDM model. Comparing χ 2 p values in the tilted flat ΛCDM, XCDM, and φCDM models implies there is a discrepancy between the best-fit model favored by the Planck CMB and non-CMB data and that favored by the SPTpol data alone. For the SPTpol TE+EE data, the discrepancy in the XCDM case is smaller than that in the ΛCDM model. The φCDM model has an even bigger discrepancy than the other two models, with larger χ 2 p and smaller PTE value, [28] . However, there is no significant evidence of tension between the φCDM (or ΛCDM or XCDM) model constrained using the Planck CMB and non-CMB data and that constrained using SPTpol data alone (as can be seen in the last column of Table III) .
We now consider the untilted non-flat model constraints derived using the SPTpol data alone. Figures  7-9 show the likelihood distributions of model parameters of the untilted non-flat ΛCDM, XCDM, and φCDM models that are favored by the SPTpol data sets. In each figure, the joint analysis results obtained by using the Planck 2015 CMB and non-CMB data are also shown. Compared to the combination of the Planck CMB and non-CMB data, the SPTpol data sets tend to prefer smaller values of θ MC . As in the tilted flat models with SPTpol data, the observations prefer a parameter space where the Hubble constant is anti-correlated with the matter density Ω m and has some degeneracy with the curvature parameter Ω k .
The mean values and 68.3% confidence ranges of the cosmological parameters of untilted non-flat dark energy models are summarized in Table IV. In the untilted nonflat ΛCDM model, the SPTpol data favor a larger Hubble constant value while the situation is the opposite in the XCDM and φCDM models. The SPTpol data by itself does not significantly constrain the spatial curvature parameter Ω k . Figures 10-12 show the likelihood distributions of the untilted non-flat ΛCDM, XCDM, and φCDM model parameters constrained using different combinations of Planck 2015 CMB (TT+lowP+lensing), SPTpol, and non-CMB data sets. Again, we do not use a Gaussian prior on τ in these analyses since the Planck CMB data provide a tight constraint on this parameter. We see that the combination of Planck and SPTpol data (TT+lowP+lensing+SPTpol-TE+EE) is unable to place tight constraints on the dark energy parameters (w and α), H 0 , Ω k , Ω m , and σ 8 in all three models. The degeneracies between parameters seen in the constraints from the SPTpol data alone are also present here. Comparing the cases of TT+lowP+lensing+non-CMB and TT+lowP+lensing+non-CMB+SPTpol-TE+EE, we again find that the non-CMB data are significantly better at helping constrain cosmological model parameters than are the SPTpol-TE+EE data.
A summary of cosmological parameter values estimated from the three different combination of data sets is given in Table V . From this table and the figures, we see that, in the case of the untilted non-flat dark energy models, the main effects of adding the SPTpol TE+EE data to the TT+lowP+lensing+non-CMB data are a very slight tightening of the constraints on θ MC and
It is particularly interesting that including the SPTpol TE+EE data in a joint analysis with either just the Planck 2015 TT+lowP+lensing data or with the TT+lowP+lensing+non-CMB data still results in a detection of non-zero spatial curvature with the TT+lowP+lensing+SPTpol-TE+EE data favoring a closed model over the corresponding flat limit at between 1.0σ and 1.8σ and the TT+lowP+lensing+non-CMB+SPTpol-TE+EE data favoring a closed model over the corresponding flat limit at between 3.1σ and 5.0σ.
We next examine the consistency between the untilted non-flat model constraints obtained by using the Planck CMB and non-CMB data and those determined from 2 values for the SPTpol TE+EE, TE, and EE spectra in the best-fit tilted flat Planck 2018 ΛCDM model, and in the best-fit tilted flat ΛCDM, XCDM, and φCDM models constrained using Planck 2015 TT+lowP+SN+BAO+H(z)+f σ8 data [8, 12] . Planck 2018 cosmology [3] SPT (ΛCDM τ [20] ) We assume a different Gaussian prior of τ for each cosmological model. For the best-fit tilted flat Planck 2018 model, and the best-fit tilted flat ΛCDM, XCDM, and φCDM models constrained using Planck 2015 and non-CMB data, we apply τ = 0.078 ± 0.019 [20] , 0.066 ± 0.012, 0.068 ± 0.015 [8] , and 0.074 ± 0.014 [12] , respectively.
the SPTpol data sets. The results are summarized in Table VI . Compared to the tilted flat cases, the bestfit untilted non-flat models favored by the Planck CMB and non-CMB data have similar χ 2 min and N σ values. For the best-fit models favored by the SPTpol TE+EE and EE data, the non-flat models improve data fitting with smaller χ 2 min and N σ values than the flat models except for the case of the XCDM parameterization with SPTpol TE+EE data. On the other hand, the best-fit untilted non-flat dark energy models all poorly fit the SPTpol TE data with larger χ 2 min values, compared to the corresponding tilted flat models. The increase in the χ 2 min is very notable in the case of the best-fit non-flat XCDM model favored by the SPTpol TE data. For SPTpol TE+EE data, the N σ values are all larger than 2.2 so none of the best-fit models provide a good fit to the SPTpol TE+EE data. Comparing the χ 2 p values of Table  VI for the untilted non-flat ΛCDM, XCDM, and φCDM models, we see that there is also no significant evidence of tension between the non-flat dark energy models constrained using the Planck CMB and non-CMB data and that constrained using SPTpol data alone. Note: Parameter constraints for Planck 2015 TT+lowP+lensing and non-CMB (SN, BAO, H(z), f σ8) data sets are from Ref. [8] for the ΛCDM and XCDM models and from Ref. [12] for the φCDM model. For the SPTpol analyses, a different Gaussian prior for τ (indicated in the subheadings) has been used for each cosmological model (see main text for discussions and details). Except for the untilted non-flat ΛCDM model where the SPTpol TE+EE data favors a σ 8 value (σ 8 = 0.817± 0.031) that is 0.5σ larger than that favored by the Planck 2015 TT+lowP+lensing data (σ 8 = 0.799 ± 0.021, [10] ), the SPTpol TE+EE data favor σ 8 values between 1.1σ and 2.7σ lower than what Planck does. This has been noted for the tilted flat ΛCDM model in Ref. [20] . By comparing the blue and red contours in the σ 8 -Ω m panels of Figs. [4] [5] [6] Fig. 10 for the untilted non-flat ΛCDM model) we see that adding the SPTpol TE+EE data to the mix results in a slight shift of the contours in the direction that eases tension with weak lensing measurements. We emphasize however that this shift is not as significant as that caused by nonzero spatial curvature in the closed models, see Refs. [8-10, 12, 15, 16] .
While the SPTpol data H 0 value is larger than the Planck 2015 CMB and non-CMB data H 0 value in the tilted flat ΛCDM model (first seen in Ref. [20] ), this is not true in most of the other models. Additionally, adding the SPTpol data to the Planck 2015 CMB and non-CMB data does not result in a significant change in the measured H 0 's, which are quite consistent with a number of recent H 0 estimates, [29] .
While the PTEs in Tables III and VI indicate no significant evidence for tension between models constrained using Planck 2015 CMB and non-CMB data and constrained using the SPTpol TE+EE data, the N σ values are always larger than 2.2 and sometimes exceed 3. This means that CMB power spectra of the models that best fit the Planck 2018 data, the TT+lowP+lensing+non-CMB data, and the SPTpol TE+EE data do not provide good fits to the SPTpol TE+EE data. This is clearly illustrated in Figs. 13-14 that show the TT, TE, and EE power spectra that best fit the SPTpol TE+EE, TE, and EE data sets in the various dark energy models, together with the difference and ratio of power spectrum with respect to the best-fit fiducial model constrained by using the Planck 2015 CMB and non-CMB data. From these figures we see that the best-fit models favored by the SPTpol data do not fit well the CMB temperature power spectrum in the low range ( < 200).
VI. SUMMARY
We have constrained tilted flat and untilted non-flat dark energy inflation models by using SPTpol CMB, Planck 2015 CMB, and non-CMB data.
In summary, our main findings are:
• All best-fit model CMB anisotropy power spectra we consider do not provide great fits to the SPTpol TE+EE data, differing from them at the 2σ to 3σ level.
• In all models we consider, there is, however, no significant evidence of tension between a model constrained using Planck 2015 CMB and non-CMB data and the same model constrained using SPTpol [8] for the ΛCDM and XCDM models and from Ref. [12] for the φCDM model. TE+EE data and so it is appropriate to use these data together to jointly constrain model parameters. (We note that Ref. [20] found some tension between the tilted flat ΛCDM model constrained using just the Planck 2015 data and that constrained using the SPTpol TE+EE data.)
• Depending on cosmological model, the SPTpol TE+EE data can favor a larger or smaller H 0 than is favored by the Planck 2015 data.
• In most models the SPTpol TE+EE data favor a lower σ 8 than is favored by the Planck 2015 data and moves the σ 8 -Ω m Planck 2015 CMB and non-CMB data contours in the direction of reducing tension with weak lensing measurements, but the overall effect is very small.
• When the smaller angular scale SPTpol TE+EE data is used to jointly analyze untilted non-flat models with the TT+lowP+lensing data or with the TT+lowP+lensing+non-CMB data, closed models with non-zero Ω k are still favored over the corresponding Ω k = 0 cases.
When used in conjunction with Planck data, non-CMB data have significantly more constraining power than the SPT TE+EE data do. While near-future ground-based CMB anisotropy experiments will produce data with better constraining power, perhaps data from a future spacebased experiment might be more helpful for this purpose. , and φCDM (FQ, lower row) models constrained by using TT+lowP+lensing+non-CMB data, and SPTpol TE+EE, TE, and EE data sets. Difference (∆D ) and ratio (D /D fid ) panels show quantities with respect to the fiducial model constrained using TT+lowP+lensing+non-CMB data. Vertical error bars indicate the confidence limits of the SPTpol power spectrum data including TT band powers. 14: CMB power spectra of best-fit untilted non-flat ΛCDM (NL, upper row), XCDM (NX, middle row), and φCDM (NQ, lower row) models constrained by using TT+lowP+lensing+non-CMB data, and SPTpol TE+EE, TE, and EE data sets. Difference (∆D ) and ratio (D /D fid ) panels show quantities with respect to the fiducial model constrained using TT+lowP+lensing+non-CMB data. Vertical error bars indicate the confidence limits of the SPTpol power spectrum data including TT band powers.
